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Abstract 
The thermal cycle fatigue behaviors of a single crystal Ni3Al base alloy named as IC6SX have been investigated 
under the test condition of 1000℃←→15℃. The experimental results showed that the thermal fatigue resistance of 
the transversal specimens of the alloy was superior to that of the longitudinal specimens. The cracks of the specimens 
propagated along the interdendritic region more easily than the dendrite, and might pass through the dendrite due to 
the accumulation of the thermal strain. Optical Microscopy (OM) and Electron Probe X-ray Microanalysis (EPXM) 
were adopted to observe the crack growth and the microstructural evolution, and composition near the fatigue crack, 
respectively. The mechanism of the thermal fatigue damage of the alloy was discussed. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Chinese Materials 
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1. Introduction 
Thermal cycle fatigue, caused by internal stresses generated by cyclic temperature gradients during 
start-up/shut-down operations, is an important life-limiting factor for many operating parts at elevated-
temperature such as turbine blades and vanes [1-3]. The expansion and contraction of the material during 
the sudden temperature change will inevitably produce a transient of strain and stress. Repetition of this 
thermal shock can cause the generation of the plastic deformation in local area where thermal stress is 
high enough. The chemical composition and microstructures of the material, as well as the service 
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environment are the main factors to influence the thermal fatigue behaviors. 
The previous studies [4-9] revealed a detailed process of the thermal fatigue crack initiation and 
propagation, which are the two important stages of the thermal fatigue crack growth. As reported in the 
past decades, the thermal cycle cracks nucleated at the slip bands, inclusions and pre-cracked carbide 
particles, preferentially at the oxidized carbides, phase interfaces, grain boundaries as well as micro-pores 
[12,15]. For SRR99 single crystal superalloy, two samples with notch direction normal and parallel to 
dendrite growth orientation were performed, which revealed that the thermal fatigue cracks generally 
grew along preferential orientation being approximately 45°with the dendrite growth direction[6]. 
However in as-cast poly-crystal alloy K465, the most of the thermal fatigue cracks nucleated at 
(Nb,W,Ti)C carbides, while for the solution heat treated K465 alloy the thermal fatigue cracks initiated in 
interdendritic regions, MC-type carbides and some interfaces[7]. Glenny[19] found that the fatigue life can 
be increased by 50-100% in the condition of Argon substituted for Oxygen, therefore the oxidation-
fatigue interactions are considered to be the main factor of the thermal fatigue. 
Although extended research work has already been accomplished on the creep and tensile properties of 
single crystal superalloys, few investigations concerning the thermal fatigue resistance of single crystals 
have been reported. The single crystal Ni3Al base alloy IC6SX with about 75 to 78 vol.％ of γ′-Ni3Al has 
been developed for advanced gas turbine blades and vanes [10-11]. Since the thermal cycle fatigue is one of 
the most important failure ways for gas turbine blades and vanes the crack growth behaviors and the 
thermal fatigue failure mechanism of alloy IC6SX have been systematically studied in the present 
investigation. 
2. Materials and Experimental 
  
Figure 1. Schematic of the thermal cycles 
The material used in the present investigation was a single crystal Ni3Al base alloy IC6SX. The 
nominal chemical composition of the alloy was (7.4-7.8)Al- (13.5-14.3)Mo- (0.01-0.03)B wt.% with Ni 
in balance. The single crystal bars of the alloy were prepared by rapid cooling rate method in a DZG-
0.025 directional solidification furnace. The dimension of the specimens used for the thermal cycle 
fatigue tests was 35mm×15mm×3mm with a self-constraint single-edge V-type notch with the radius of 
0.2mm and without residual stress in the notch tip of the specimens. In order to study the effect of 
Cycling 
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dendrite orientation of the alloy on the crack growth behaviors, two groups of the specimens were 
prepared, group 1 was the specimens with the notches parallel (named as IC6SX-L) and group 2 was the 
specimens with the notches perpendicular (named as IC6SX-T) to the dendrite growth direction. The 
condition of the thermal cycle fatigue was 1000℃←→15℃ , as shown in Fig. 1. The tests were 
interrupted after running certain cycles to measure the number and the length of the cracks using the 
reading microscope, as well as analyze the microstructure of the tested specimens by optical microscopy 
and EPMA.   
3. Results and discussion 
3.1. As-cast microstructure of the alloy 
The as-cast microstructure of single crystal alloy IC6SX showed in Fig.2(a) exhibited a typical 
dendrite structure consisting of dendrite region A and inter-dendrite region B, respectively. As shown in 
Fig.2(b), there existed four phases in the alloy. The dark phase was γ′-Ni3(Al,Mo) phase; grey phase with 
a skeletal network around γ′ phase was γ-Ni(Mo) solid solution, the white phase was identified to be 
NiMo and the gray-white phase was the carboboride.  
 
          
Figure 2. Microstructures of as-cast IC6SX: (a) optical microstructure of longitudinal section of IC6SX, (b) backscattered image of 
transversal section of IC6SX 
3.2. Growth behaviors of the thermal cracks 
In order to evaluate the effect of the dendrite growth direction on the crack growth direction, two 
types of specimens were used in the present investigation, i.e., group 1 was the specimens with the 
notches parallel to the dendrite growth direction (named as IC6SX-L) and group 2 was the specimens 
with the notches perpendicular to the dendrite growth direction (named as IC6SX-T). The dependence of 
thermal fatigue crack length on the thermal fatigue cycles is shown in Fig. 3, where the length values 
were all from the average value of the test specimens, respectively for IC6SX-L and IC6SX-T.  It shows 
that the thermal fatigue resistance of the group 2 specimens with the notches perpendicular to the dendrite 
growth direction was superior to the group 1 specimens with the notches parallel to the dendrite growth 
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thermal fatigue, indicating that the crack initiation process require an incubation period. It took 35 cycles 
to form some small cracks that can be detectable, and the crack length increased dramatically with the 
increase of the number of cycles.  
 
Figure 3. Curves of the thermal fatigue crack length VS the thermal cycle number Nf for the specimens of IC6SX-L and IC6SX-T 
3.3. Morphology observation of the thermal fatigue cracks 
The thermal fatigue crack growth behaviors are the complex process which depend on both testing 
conditions and tested material. Previous study[6] reported that the thermal fatigue crack growth direction 
of SRR99 was about approximately 45°to the direction of dendrite growth. Fig.4 presents the crack 
morphologies of the specimen of Alloy IC6SX after 125 cycles of thermal fatigue test under the testing 
condition of 1000℃ to 15℃.  
 
 
Figure 4. Crack morphologies of alloy IC6SX after 125 cycles thermal fatigue test under the condition of 1000℃ to 15℃: (a) 
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Figure 5. (a) Cracks morphologies of IC6SX-L after (a) 50 and (b) 125 thermal fatigue cycles 
In general, the orientation difference of 45°between the crack growth direction of <110> orientation 
and the primary dendrites of <100> orientation. This is attributed to the face-center cubic structure of the 
nickel or γ′-Ni3Al base superalloys with the slip system of <110>{111}. If the notch is considered as a 
pre-determined crack, the <110> orientation would be subjected to the maximum shearing stress, then the 
initiation and propagation of micro-cracks along this orientation would be promoted. Compared with the 
directionally solidified and poly crystal nickel or γ′-Ni3Al base superalloys, as thermal crack sources the 
grain boundaries are eliminated in the single crystal nickel or γ′-Ni3Al base superalloys. However, with 
the accumulation of thermal stress, cracks could also initiate in the single crystal superalloys. In the single 
crystal superalloys, the interdendritic regions are relatively more vulnerable to thermal fatigue, and hence 
serve as the crack sources and propagation areas, as shown Fig. 3a. It is found that the cracks initiated in 
the interdendritic region after 50 thermal cycles and propagated along 45°with the dendrites instead of 
extending along with the interdendritic regions, as shown in Fig. 5a. This may be  attributed to the 
maximum shearing stress along the <011> orientation near the notch in the initial thermal fatigue stage, 
and when the crack further propagated to meet the dendrite the crack propagation may be inhibited by the 
dendrites to same extent in contrast with the inter-dendrite as also shown in Fig. 5a.  However, as the 
accumulation of thermal strain was high enough, i.e. after 125 thermal fatigue cycles, the main crack 
would pass through the dendrite, while the secondary cracks branching initiated from the main crack was 
hard to propagate across the dendrite due to the distribution of the thermal fatigue stress, as shown in Fig. 
5b. 
4. Discussion 
The previous study[5] showed that the elimination of grain boundaries in the single crystal superalloys 
not only improved the high temperature creep resistance significantly but also increased the thermal 
fatigue resistance evidently. It has been reported that thermal fatigue cracks in the alloy K465, Mar-M002 
initiated and propagated along phase interfaces, grain boundaries, carbides or micro-pores, while in the 
single crystal alloy SRR99 cracks initiated in the interdendritic region and propagated with 45°to the 
dendrite orientation. 
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fatigue crack propagation in the alloy IC6SX. As shown in Fig. 3, the as-cast transversal specimens have 
superior thermal fatigue properties in comparison to the longitudinal specimens. The dendrite could arrest 
the crack growth within a limited distance in the transversal specimens, while cracks can easily propagate 
in the interdendrite regions in the longitudinal specimens. And therefore the dendrite orientation may 
significantly affect the crack growth, which results in the slight difference of thermal fatigue properties 
between the transversal and longitudinal specimens. There exist many factors affecting the mode of crack 
propagation, such as thermal stress direction, slip system direction, dendrite structures, and thermal strain 
accumulation during the thermal fatigue tests. In spite of the above factors, the general trend of crack 
propagation in the alloy IC6SX still remained 45°with the dendrites orientation owing to the <110> 
orientation bearing the maximum shearing stress and thermal strain accumulation,  
 
 
Figure 6. Schematic diagram of the thermal fatigue crack propagation of (a) longitudinal and (b) transversal of IC6SX. 
The thermal fatigue resistance of a material related not only the materials properties but also the 
service conditions. Fig.7 shows the morphology and the elements distribution of IC6SX-T after 125 
cycles near the main thermal fatigue crack. Microstructure analyses showed that the oxidation might be 
another important factor of the crack initiation, and propagation under high temperature besides the 
thermal stress accumulation during thermal fatigue test. It has been found that a certain amount of γ 
phase near crack area coalesced with each other, which was different from the microstructure before the 
test[13-14]. The results of x-ray mapping analysis indicated that the amount of the γ′forming element Al in 
the γ′denuded zone near the cracks was considerably lower than that of the substrates, and the oxide 
layer near the main crack appeared, as shown in Fig.7(b) and (c). It has been reported that the continuous 
layer of Al2O3 could be formed only if the content of Al at the internally oxidized zone was sufficiently 
high in the single crystal superalloy[17]. A schematic sketch of formation mechanism of the scale and 
subscale near the main thermal crack during the present thermal fatigue test of the present alloy has been 
proposed in the present investigation, as shown in Fig.8. It is believed that due to the high diffusion 
coefficient of element Mo, the compacted and protective layer of Al2O3 did not formed in the present 
alloy with the Mo content as high as 7.4-7.8 wt.% , and the oxide layer was the mixture of NiO, Al2O3, 
MoO3.  Due to the coefficient difference of the thermal expansion between the oxidation layer and matrix 
alloy, severe spallation occurred with the cyclic oxidation during the thermal cycle fatigue, and therefore 
leading to further oxidation at the crack surface of the tested specimen, and hence decreased the strength 
of the alloys to cause the further propagation of the cracks. Thus, the fatigue-oxidation interactions seem 
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Figure 7. The crack morphologies of the IC6SX-T after 125 cycles nearby the thermal fatigue (a) and enlarged area (b) from (a), and 
X-ray mapping of the elements near the main crack in the specimen of IC6SX (c) 
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Figure 8. Schematic of the formation mechanism of the scale and subscale near the main thermal crack for the alloy IC6SX after 125 
thermal cycles 
5. Conclusions 
1. The thermal fatigue resistance of the transversal specimens of alloy IC6SX is superior to that of the 
longitudinal ones. The cracks prefer to initiate in the interdendritic region nearby the notch tip, and 
easily propagate inside the interdendrite. Despite of the retard effect of the dendrite to the crack 
propagation, the crack can pass though the dendrite with the increasing accumulation of the thermal 
strain.  
2. Being associated with environment oxidation and element diffusion, the depletion of γ′ phase, 
successive oxide-scale spallation and further oxidation of the base alloy occurred. The thermal 
strain and the fatigue-oxidation interactions resulted from the thermal fatigue cycling are considered 
to be the thermal fatigue mechanism. 
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